In this paper, a novel microfluidic device for mixing liquids is described. Main feature of this device is that the liquids are passively pumped through microchannels only by capillary action, and therefore no external power is required for the pumping. This feature brings extremely simple hardware setup and easy operation. In this device, a pneumatically-actuated, normally-closed microvalve regulates capillary-driven flow. The device has been fabricated with polydimethylsiloxane (PDMS) elastomer, and tested using fluorescent dye and fluorescent particle solutions. A simple method for controlling the mixing ratio is also demonstrated.
Since the early 1990s, microfluidic devices have been intensively studied for application fields of biological and chemical analysis. (1, 2) To date, there are three major pumping mechanisms for microfluidic devices, i.e. electrokinetic flow, external pressure, and various microfabricated pumps. Most of these methods require bulky and expensive apparatuses, e.g. high-voltage power supplies, syringepumps, or piezoelectric drivers. On the other hand, capillary action is a desirable way for microfluidic pumping because of its simplicity and effectiveness in the microscale. (3) However, it has been difficult to regulate multiple capillary-driven liquids, and hence mixing of them has not been reported so far. In this paper, we report a novel microfluidic device competent to mix two capillary-driven liquids. The regulation of the liquids has been accomplished with a pneumatically-actuated, normally-closed microvalve.
(4) Figure 1 illustrates the layout of the microfluidic device. It consists of two polydimethylsiloxane (PDMS) chips-referred to as "fluidic chip" and "pneumatic chip"-and a PDMS membrane sandwiched between the two chips. The two chips have microfabricated grooves with depth of 20 µm on their surfaces. The grooves are sealed with both sides of the membrane to create two layers of microchannel networks: one for liquids (Fig.  1A, 1-8 ) and the other for air pressure (9-11). The fluidic chip is reversibly bonded to the membrane, whereas the pneumatic chip is irreversibly bonded to it.
The central part (Figs. 1CD) works as a normally-closed microvalve similar to that described previously. (4) The new aspect of this device is configuration of the microchannels on the fluidic chip. Three microchannels (1-3) can be connected to one another simultaneously when the membrane on the valve chamber (9) is deflected by vacuum pressure. This device is operated as follows. First, two liquids to be mixed are dispensed into the loading ports (4, 5). The liquids are spontaneously introduced into the injection channels (1, 2) by capillary action. Next, the microvalve is opened. The liquids in the injection channels flow together into the mixing channel (3) by capillary action again, and this results in mixing. As a prerequisite of the working principle, the liquids should wet the inner walls of all the microchannels. In other words, the advancing contact angle should be less than 90°. Since PDMS surface is hydrophobic, ethanol solutions were used for the experiments here. However, aqueous solutions could also be used by hydrophilizing treatment of the PDMS surfaces (3) or by adopting an intrinsically hydrophilic material (e.g. glass) for the fluidic chip, which has no moving parts. The device was fabricated in a similar way to the previous work. (4) Briefly, the PDMS chips were molded against negative * Bioengineering Laboratory, RIKEN 2-1 Hirosawa, Wako, Saitama, 351-0198 Japan masters, which had been photolithographically fabricated with SU-8 photoresist on silicon wafers. The PDMS membrane was formed on a dummy silicon wafer by spin-coating and heating. The pneumatic chip was irreversibly bonded onto the membrane by treating the two surfaces with oxygen plasma before contact. They peeled off together from the dummy wafer. The fluidic chip was reversibly bonded to the composite of the pneumatic chip and the membrane only by bringing the two surfaces into contact. For alignment, a video microscope and a homemade tool based on an x-y-θ stage were used. Bright-field images of the fabricated device are shown in Fig. 2 . The mixing behavior of this device was investigated on a fluorescent microscope. Two fluorescein ethanol solutions with different concentrations-0.02 and 0.2 mg/mL-were dispensed into the loading ports. The dispensed volume was 2 µL for each. The solutions were spontaneously introduced into the injection channels by capillary action (Fig. 3A) . To open the microvalve, vacuum pressure was applied to the pneumatic port using a syringe connected to the port via a silicone tube. The solutions successfully flowed together into the mixing channel (Figs. 3BC) . They formed laminar flow and were not fully mixed when they were flowing and immediately after they were stopped by closing the microvalve (Fig. 3D ). They were gradually mixed by diffusion within several ten seconds (Fig. 3E) . This "stopped-flow mixing" might be fast enough for significant part of applications. If more rapid mixing is required, it could be accelerated by providing a passive mixer (5) to the mixing channel. In this device, the liquid in the mixing channel is supplied only from upstream parts of the injection channels (from the loading ports to the junction point). Namely, in Fig. 3C , the liquids in the downstream parts of the injection channels are stationary because of the balance of capillary forces. This situation was visualized using fluorescent particles (Fig. 3F) . This "one-way" nature is useful for controlling mixing ratio. We can control it by arranging the fluidic resistances of the upstream channels, because each flow rate is inversely proportional to the resistance. One simple way to do this is modifying the lengths of the upstream channels. We prepared two devices with different proportions of upstream channel lengths, i.e. 1:1 and 1:2. For each device, mixing experiment was carried out using solutions with and without fluorescent dye (Figs. 4AB) . The mixing ratios were evaluated by measuring the widths of bright regions. The results are summarized in Fig. 4C . The deviations of the widths from designed values were within ±10%.
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